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1 Department of Chemistry and Biochemistry, Mendel University in Brno, Zemedelska 1,
CZ-613 00 Brno, Czech Republic; xmukherj@mendelu.cz (A.M.);
amirmansoor.ashrafi@mendelu.cz (A.M.A.); pavel.svec@mendelu.cz (P.S.); vojtech.adam@mendelu.cz (V.A.)
2 Central European Institute of Technology, Brno University of Technology, Purkynova 123,
CZ-612 00 Brno, Czech Republic
3 European Institute of Technology, Masaryk University, Kamenice 753/5, CZ-625 00 Brno, Czech Republic;
jan.pribyl@ceitec.muni.cz
4 Department of Geology and Pedology, Faculty of Forestry and Wood Technology, Mendel University in Brno,
Zemedelska 3, CZ-613 00 Brno, Czech Republic; martin.brtnicky@mendelu.cz
5 Department of Agrochemistry, Soil Science, Microbiology and Plant Nutrition, Faculty of AgriSciences,
Mendel University in Brno, Zemedelska1, CZ-613 00 Brno, Czech Republic
6 Institute of Chemistry and Technology of Environmental Protection, Faculty of Chemistry,
Brno University of Technology, Purkynova 118, CZ-621 00 Brno, Czech Republic
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Abstract: A comparative study was carried out using magnetic nanoparticles (MNPs) for the
fabrication of non-enzymatic sensors for the continuous and rapid detection and monitoring
of H2O2. Various MNPs, differing in terms of their synthesis procedure and modification,
were synthesized and characterized by different techniques. The electrochemical catalytic activity
of the synthesized MNPs toward the reduction in H2O2 was investigated by cyclic voltammetry.
The naked MNPs showed the highest catalytic activity among all the synthesized MNPs. The biosensor
based on the naked MNPs was then applied in the determination of H2O2 using chronoamperometry.
The parameters such as the applied cathodic potential and the amount of MNPs on the developed
biosensor were optimized. Moreover, the analytical figures of merit, including reproducibility
(RSD = 6.14%), sensitivity (m = 0.0676 µA µM−1), limit of detection (LOD) = 27.02 µmol L−1, and limit
of quantification (LOQ) = 89.26 µmol L−1 of the developed biosensor indicate satisfactory analysis.
Finally, MNPs were successfully utilized for the determination of H2O2 in milk.
Keywords: magnetic nanoparticle; nanozyme; chronoamperometry; biosensor; peroxidase-like activity
1. Introduction
In the field of analytical biology, various biomolecules have significant molecular information
encoded with dynamic and spontaneous coordinates following different biochemical processes. Most of
them are naturally electro-inactive and required to transduce through a receptor to form an electroactive
compound [1]. Therefore, secondary byproducts like H2O2 are important biological messengers that are
considered as significant biomarkers for the in vivo and in vitro detection of complex biomolecules [2].
This simple molecule, H2O2, belongs to the classes of reactive oxygen species (ROS), compounds with
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significance in the field of clinical and diagnostics, food manufacturing, environmental field [3,4].
The pathological and physiological importance of H2O2 is associated with signal transduction,
apoptosis, and cell activation [5,6]. Because of their antibacterial properties, they are sometimes used
in the food and packaging industry [7]. The Food and Drug Administration (FDA) recommended
the maximum treatment level for using H2O2 in different types of food and beverages [8]. Moreover,
the extensive use of H2O2 in food packaging and processing is harmful to health. Acting as an
adulterant, it can cause severe gastrointestinal problems [9]. Hence, early and continuous monitoring
with the effective detection of H2O2 is important for the pharmaceutical sector and the food industry,
as well as clinical and diagnostics application sectors [10–13]. In the recent past, continuous, online and
real-time monitoring of analytes were significant in order to study, control, and investigate them in
different environmental conditions. Conventional methods like spectrophotometric, chemiluminescent,
fluorometric methods are used for H2O2 detection and quantification [14–16]. Expensive reagents,
skilled technicians and extended analysis times are the common drawbacks of these conventional
methods, while continuous and online monitoring have extended their applications.
Biosensors are expected to be highly specific, selective and sensitive towards their target analytes,
along with possessing online-monitoring features [17,18]. Electrochemical biosensors are applied for
effective continuous monitoring and detection of complex biomolecules [19]. Moreover, amperometric
methods can detect and continuously measure kinetic information in real time [20,21]. Electrochemical
biosensors based on enzymes are well studied and widely used for the detection of different species.
However, the inherent properties of enzymes such as degradability, and being unstable in severe
conditions of pH and temperature, have limited the application of enzyme-based sensors. Furthermore,
each enzyme catalyzes a specific reaction at an optimum pH. When the pH of the medium is far from
the optimum pH of the enzyme, its catalytic activity decreases substantially.
Nanozymes (NEs) are defined as the catalytic nanomaterials that mimic natural enzymes
catalytic activity. Compared to their natural analogs, NEs are advantageous in terms of their
higher stability, lower cost, resistance to external influences, simple synthesis, long-term storage,
and size/composition-dependent activity. Accordingly, due to their unique properties, NEs attract the
researcher’s attention to apply them in different areas such as biosensing [22]. Moreover, as nanoscale
materials, NEs have a sufficiently large area that is useful in the conjugation of multiple ligands for
biorecognition [23]. Furthermore, their activity could be further modulated by different approaches,
such as synthetic strategy, which means modification through the composition, size, and shape of
the NEs [24].
Magnetic nanoparticles (MNPs) were reported to possess a peroxidase-like activity and were
applied in biosensing devices [25,26]. The main aim of this study is to compare the sensitivity towards
the reduction in H2O2 by MNPs synthesized by different synthetic strategies. The results will help to
provide an insight into the effect of the synthesis approach on the enzymomimetic properties of MNPs.
2. Materials and Methods
Multi-walled carbon nanotubes (MWCNT), ferric chloride hexahydrate (FeCl3·6H2O), iron chloride
tetrahydrate (FeCl2·4H2O), chitosan with medium molecular weight (deacetylated chitin),
tetraethylorthosilicate (TEOS), ammonium solution (28.0–30.0% NH3 basis), N, N-dimethylformamide
(DMF), sodium chloride (NaCl), potassium chloride (KCl), sodium phosphate dibasic (Na2HPO4),
ascorbic acid, potassium dihydrogen phosphate (KH2PO4), hydrogen peroxide solution (30% in H2O,
contains stabilizer), and Nafion® 117 solutions (5% in a mixture of lower aliphatic alcohol and water)
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Absolute ethanol was purchased from
VWR (Radnor, PA, USA). The glassy carbon electrode (GCE), (d = 3 mm) was purchased from the
BASi (West Lafayette, IN, USA). The water (18.20 MΩ cm) used for solution preparation was first
double-distilled by an Aqua Osmotic 02 (Aqua Osmotic, Tisnov, Czech Republic) and then deionized
by using a Millipore RG (Milli-Q water, Millipore Corp., Billerica, MA, USA). Autolab electrochemical
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analyzer model 2.1 software (Metrohm Autolab, Utrecht, The Netherland) was used for running the
electrochemical experiments.
Phosphate-buffered saline (PBS; 0.01 M) was used in the electrochemical measurements. A solution
of 0.1 M hydrogen peroxide (H2O2) was freshly prepared as a stock solution and used for the analysis.
Nafion (NF; 1%) was prepared by neutralization of NF using an 8.0% ammonium solution.
A three-electrode configuration was used for the electrochemical measurements, where a platinum
electrode was used as a counter electrode, Ag/AgCl (1.0 M, KCl) as the reference electrode and a
modified GCE served as a working electrode.
2.1. Preparation of MWCNT Dispersion
MWCNT (2.0 mg) was dispersed in 1 mL of DMF and sonicated for 40 min to get a homogenous
dispersion. The desired volume of the prepared dispersion was dropped on the cleaned GCE and
dry-casted at room temperature.
2.1.1. Synthesis of Naked Iron Oxide Magnetic Nanoparticles (UN-MNPs)
Magnetic particles were synthesized, after being inspired from a previous study, using FeCl3·6H2O
and FeCl2·4H2O as precursor materials, then modified accordingly [27]. A volume of 50 mL of 0.32 M
FeCl3·6H2O was mixed with 50 mL of 0.2 M FeCl2·4H2O using a magnetic stirrer at 600 RPM for 2 h.
A volume of 50 mL of the mixture was then injected into a flask containing 100 mL of Milli-Q water
and heated for 90 ◦C. At 50 ◦C, a volume of 30 mL of undiluted ammonium solution was added and
heated up to 90 ◦C for 1 h by using a four-propeller mechanical stirrer at 300 RPM. The MNPs were
washed by magnetic separation five times using 200 mL of Milli-Q water. The formation of MNPs
were confirmed using a magnetic bar during washing with magnetic separation.
2.1.2. Synthesis of Chitosan Modified Iron Oxide Magnetic Nanoparticles (MNPs-CH)
Chitosan-modified MNPs (MNPs-CH) were synthesized by mixing 50 mL of FeCl3·6H2O 0.32 M
and 50 mL of FeCl2·4H2O 0.2 M using a magnetic stirrer at 600 RPM for 2 h. The mixture was transferred
and allowed to be heated under constant stirring using a mechanical rotor at 300 RPM. At 40 ◦C,
0.25 mg of chitosan was added into the mixture under heating conditions. At 50 ◦C, 30 mL of undiluted
ammonium solution was added as a reducing agent and heated up to 90 ◦C for 1 h. [27]. The MNPs-CH
were washed threefold using 70% ethanol and Milli-Q water, respectively. The formation of MNPs-CH
was confirmed by using a magnetic bar.
2.1.3. Synthesis of MNPs Modified with TEOS (MNPs-TEOS)
Following the previous method, naked MNPs (UN-MNPs) were synthesized and subsequent
modification with TEOS was carried out according to a previous study [28]. UN-MNPs were thoroughly
cleaned and dispersed in Milli-Q water followed by 5 min of sonication. Absolute ethanol was added
and sonicated for another 5 min followed by the addition of 8 mL of undiluted ammonium solution.
The mixture was subjected to mechanical stirring at 300 RPM with the addition of 0.5 mL TEOS for 3 h.
The magnetic separation procedure was used for washing the obtained particles. The obtained particles
were washed threefold by using 70% ethanol, followed by washing with Milli-Q water, respectively.
2.2. Preparation of the Working Electrode
The bare GCE was polished with a polishing pad using diamond suspension (0.5 µm) for 2 min
followed by sonication in Milli-Q water and absolute ethanol for 9 min, respectively. The cleaning
procedure was continued by polishing the electrode with different alumina slurries of 1.0 µm, 0.3 µm,
0.05 µm, followed by washing after each cleaning step with Milli-Q water and absolute alcohol for
9 min, respectively. The GCE was modified by using 10 µL of well-dispersed MWCNT in DMF and
was then allowed to air-dry. The electrode was further modified by using 10 µL of different types
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of synthesized MNPs and allowed to air-dry. NF (1%; 5 µL) was added to the modified electrode to
protect the immobilized materials from being washed away.
2.3. Characterization of MNPs
The Synthesized unmodified and modified MNPs were characterized by using SEM and
energy-dispersive X-Ray Spectroscopy-SEM (EDX)The different samples of MNPs were attached
to the stub and subjected to SEM imaging. Images of samples were made on a MIRA 3 SEM from
the TESCAN company (TESCAN Ltd., Brno, Czech Republic, EU). The used detectors have In-Beam
secondary electrons (SE) with an accelerating voltage of 15 kV. The working distance was set to 3 mm
and ultra-high resolution was used as a scan mode. The measurement was performed in a high vacuum.
Elemental analysis was done on the energy-dispersive x-ray spectroscopy (EDX) detector X-MAX 50
(Oxford instruments plc, Abingdon, UK) with high vacuum conditions and an accelerating voltage
of 15 kV. A silicon composite stub was used for the elemental analysis of UN-MNPs and MNPs-CH,
whereas an aluminum composite stub was used for the MNPs-TEOS. The working distance was 15 mm
and an external SE detector was used. The input energy for the UN-MNPs was set to 20,000–25,000 cts,
the output energy was set to about 10,000–11,000 cts, and dead time fluctuated between 50–54%.
The input energy for the modified MNPs was set to 11,000–13,000 cts, the output energy was set to
about 7700–8500 cts, and dead time fluctuated between 30–36%. The time for each analysis was 20 min,
whereas the spot size was approximately 75 nm. The concentration of Fe in the synthesized MNPs was
determined by atomic absorption spectroscopy (AAS) 280Z AA (Agilent Technologies, Santa Clara, CA,
USA) with electrothermal atomization, using Zeeman background correction. Moreover, inductively
coupled plasma mass spectroscopy (ICP-MS) (Agilent Technologies, Tokyo, Japan), was also applied
for the determination of concentrations.
2.4. Cyclic Voltammetry
The electrochemical behavior of the prepared sensors using different MNPs was studied in
presence of H2O2 by cyclic voltammetry (CV). The CV parameters are as follows: start potential 0.0 V,
stop potential 0.0 V, scan rate 50 mV s−1, upper vertex potential 1.0 V, and lower vertex potential −1.0 V.
The potential was scanned towards the anodic direction.
2.5. Chronoamperometry and Optimization
For amperometric measurements, a desired potential magnitude was applied on the working
electrode and the resulting currents that followed between the counter and working electrodes were
sampled every 1 s with a 3000-s measurement duration.
2.6. Repeatability
The repeatability of the modified sensors was investigated by using the same electrode for
successive injections of the analyte. Moreover, the repeatability was evaluated by using the same
electrode consecutively for amperometric measurements under the same conditions. The sensitivity of
each study was compared to evaluate the stability of the sensors.
2.7. Selectivity
Potential interfering agents were selected to study the selectivity of the sensors towards
H2O2. The selected interfering agents were NaCl, KCl, glucose, and ascorbic acid with a uniform
stock concentration of 0.1 M, respectively. The amount of interfering agents upon injection in the
electrochemical cell was 100 µmol L−1, which was equal to that of the analyte.
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2.8. Real Sample Analysis
The accuracy of the prepared sensor was tested by calculating the recovery rate of H2O2 spiked in a
milk sample. A milk sample containing 3.9% of fat was purchased from the local market. Unboiled milk
(90 µL) was mixed with 10 µL of 0.1 M H2O2. Then, the as-prepared sample (100 µL) was injected into
the electrochemical cell containing electrolytes (10 mL PBS) followed by threefold standard injections
of 100 µmol L−1 of H2O2. The same electrode was used thrice to obtain the average recovery.
3. Results and Discussion
3.1. Characterization of MNPs
The different synthesized unmodified and modified MNPs were characterized by SEM and
EDX–SEM techniques (Figure 1). The chemical composition of different MNPs is clearly shown in
Figure 1, where the presence of the oxygen in the proximity of the iron confirms the successful synthesis
of the iron oxide magnetic particles. Iron and oxygen are present in all the MNPs. The elemental
analysis table for the presence of Fe, O, and other element compositions are represented in S1,
S2 and S3 in the Supplementary Materials. A silicon composite stub was used for the UN-MNPs
and MNPs-CH, whereas an aluminum composite stub was used for the mapping of MNPS-TEOS,
respectively. The homogenous dispersion of the selected MNPs on the MWCNT/GCE can be observed
in Figure 1D. From the image, the rod-like structure belongs to the MWCNT, whereas drop-cast MNPs
can be seen, in the sphere-like structure, to from GCE/MWNT/UN-MNPs. The MNPs were further
characterized by using an energy-dispersive X-ray fluorescence (ED-XRF) spectrometer (S4, S5 and S6 in
the Supplementary Materials). The characterization of the MNPs by ED-XRF confirms the presence of Fe
in all the synthesized particles, while silicon only exists in MNP-TEOS. Moreover, Fourier-transformed
infrared spectroscopy (FTIR-ATR) spectra (S7 in the Supplementary Materials), and Raman spectroscopy
(S8 in the Supplementary Materials) were done to confirm the modification of MNPs by chitosan and
TEOS. The modified particles show the presence of Si-O and O-H in their IR spectra appearing at the
same wavenumber as TEOS and chitosan, respectively. Moreover, the Fe-O bond appears in all the
synthesized particles. The Fe-O bond also appears in the Raman spectra of the synthesized particles.
Transmission electron microscopy (TEM) was done to confirm the particle size and dispersion (S9–S12 in
the Supplementary Materials). As can be seen, the UN-MNPs are spheric particles with a uniform
size smaller than 50 nm. On the other hand, MNP-CH contains the particles which are far from the
spheric shape and have an altered uniform size distribution. MNP-TEOS particles are more aggregated.
Furthermore, the size of the different synthesized MNPs was studied by dynamic light scattering
(DLS) (S13 in the Supplementary Materials), where all the particles show almost the same average size,
even though multi-dispersity in MNP-TEOS is visible. The Fe content in different MNPs was studied
by using AAS and ICP-MS, respectively (S14 and S15 in the Supplementary Materials). The Fe density
of the UN-MNPs was found to be almost identical to both AAS and ICP-MS, which can indicate that
these particles form a stable dispersion. The concentration of MNP-CH is almost the same as UN-MNP.
However, the concentration of MNP-TEOS dispersion is several times higher, which might be due
to the existence of high aggregation and, consequently, more concentrated dispersion. The different
synthesized MNPs were found to be less than 50 nm, as characterized by TEM. Moreover, from SEM,
and confirmed by TEM, it was observed that the synthesized MNPs were accumulating and found
to be present in the cluster. This clustering was responsible for the larger size of MNPs, as observed
in DLS. The working principle of DLS is Brownian motion and this was unable to identify individual
nanoparticles from heavy clusters.
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Figure 1. SE image and elemental mapping images representing the constituent of (A) naked magnetic
nanoparticles (UN-MNPs), (B) chitosan-modified MNPs (MNPs-CH), (C) MNPs modified with
tetraethylorthosilicate (MNPs-TEOS); (D) SEM image representing the unifor distribution of
UN- NPs drop-cast on glassy carbon electrode (GCE)/multi-walled carbon nanotubes ( CNT) to
form GCE/M CNT/UN-MNPs.
3.2. Electrochemical Behavior of the Modified Electrode
The electrochemical behavior of the developed electrodes is represented in Figure 2. As seen in
Figure 2A, the modified electrode with MWCNT, GCE/MWCNT, brought about a broad cathodic current
in the presence of H2O2 starting from −0.3 V. An increase in the cathodic current was observed with
GCE/MWCNT/MNPs-CH upon the addition of H2O2, starting from −0.5 V in Figure 2B. No change in
the current was observed with the addition of H2O2 in solution when GCE/MWCNT/MNPs-TEOS were
used as the working electrode in Figure 2C. However, when GCE/MWCNT/UN-MNPs were utilized
(Figure 2D), with the addition of H2O2, a high reduction peak appeared. Compared to GCE/MWCNT,
the reduction in H2O2 starts at lower potential magnitudes (−0.2 V) in GCE/MWCNT/UN-MNPs.
Thus, it can be concluded that the naked electrocatalytic activity of UN-MNPs toward a reduction in
hydrogen peroxide is the highest. The reduction in H2O2 takes place by electron transfer from the
electrode. Therefore, the UN-MNPs act as wires, which facilitate the electron transfer to H2O2. Overall,
the peroxidase-like activity of the UN-MNPs stems from their electron transfer ability by reducing
Appl. Sci. 2020, 10, 6756 7 of 12
substrates and H2O2. Based on the obtained results, it can be concluded that the MNPs that were
exposed directly to H2O2 possess a higher electrocatalytic effect.
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3.3. Optimization of the Conditions
For online, rapid, and fast detection, the chronoamperometry method was selected. After analyzing
the CV, UN-MNPs were selected due to their high electrocatalytic effect, resulting in higher sensitivity
towards the H2O2 reduction compared to other modified MNPs. The reduction peak, as shown
(Figure 2D), ranges from −0.1 V to −0.4 V. Hence, the applied potential in chronoamperometry varied
in the range of −0.1 V to −0.4 V. The chronoamperometry was run with the stepwise addition of
H2O2. By increasing the magnitude of the applied cathodic potential, the sensitivity of the calibration
curve increased in Figure 3. To avoid the reduction in redox-active compounds, −0.3 V was selected
as the applied potential, even though −0.4 V shows better sensitivity. It must be taken into account
that a lower potential magnitude (−0.3 V) is favorable as it causes fewer interfering effects by other
electroactive compounds present in the solution.
The number of UN-MNPs drop-cast on the MWCNT/GCE can improve the sensitivity of
the proposed biosensor. GCE/MWCNT/UN-MNPs were prepared where the amount of drop-cast
UN-MNPs was varied from 10 µL to 30 µL. The highest sensitivity was observed with only 10 µL of
the UN-MNPs and a larger volume did not cause a higher sensitivity.
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3.4. Analytical Study
3.4.1. Linear Range Detection
The developed GCE/MWCNT/UN-MNPs were used to detect H2O2 at an applied potential of
−0.3 V with a concentration range from 99.9 µmol L−1 to 792.86 µmol L−1. The cathodic current
response in rease linearly with the consecutive injection of H2O2 (R2= 0.995) in Figure 4. The slope
of the calibration curve is regarded as the sensitivity of the electrode. The developed sensor had a
sensitivity of 0.0676 µA µM−1. The limit of detection (LOD) was calculated by using “3 s/m”, where “s”
is defined as the standard deviation of the current response and “m” is the slope of the calibration
curve. The LOD was found to be 27.02 µmol L−1. The limit of quantification (LOQ) was calculated as
89.26 µmol L−1 by using the formula “10 s/m” and is presented in Table 1.
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Table 1. Analytical parameters of the developed sensor GCE/MWCNT/UN-MNPs at an applied
potential of −0.3 V for H2O2 detection.
Linear ranges 99.90–792.86 µmol L−1
Slope 0.068 µA µM−1
Intercept 2.055µA
Sensitivity 0.068 µA µM−1
Limit of detection LOD 27.020 µmol L−1
Limit of Quantification LOQ 89.26 µmol L−1
Relative standard deviation RSD% 6.14
3.4.2. Repeatability
The repeatability of the electrode was determined by using the same modified electrode
consecutively three times and plotting consecutive calibration curves for H2O2 by chronoamperometry.
As shown in Figure 5, the slopes of the calibration curve are very close to each other, where X = 0.0446,
s = 0.0027, and reproducibility (RSD)% = 6.14, indicating the good repeatability of the developed sensor.
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4. Conclusions
The results obtained in the current work show that the catalytic activity of the MNPs mainly relies
on the exposure of the naked surface of the MNPs to the target substrate. Further modification of the
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synthesized MNPs impaired the peroxidase-like activity. Furthermore, the developed sensor based
on UN-MNPs was successfully applied for the selective and sensitive determination of H2O2 at low
potential magnitude, which improved the selectivity of the developed senor. The accurate determination
of H2O2 in a milk sample was realized using the developed biosensor. Therefore, it was demonstrated
that MNPs can be a promising alternative for the detection of natural enzymes with peroxidase-like
activity. Because of the low cost, high stability, and durability of nanozymes, the developed sensor is
advantageous compared to the analogous enzyme-based sensors. The developed biosensor can be
used for the preliminary and rapid determination of H2O2 in foodstuffs. It can be also applied for the
online monitoring of H2O2 in a flow system because of its short response time.
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